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ABSTRACT

7 The report summarizes_research finding of apﬁroximately the tergioal
.eight moriths of a nineteen month program senp_qr_éd_. by NASA~KSC (Granmt
No. NGR 10*619-009). Tﬁe overall goal has been to clarify specific‘target
processes as to the chemical, chemical-physical and biological reactions
and toxic effects of solid rocket emissions within selected ecosystems at
Kennedy épace‘Ceuter, *

Plant studies uoder field and laboratorj conditions have been completed.
Exposure of Citris seedlinga, English peas, and bush beans to SEM exhaust

under laboratory conditions demonstrated reduced growth rates, but at very

high concentrations (4-500 ppm actual concentration of HCl). Field studiee

of natural plant populations in three diverse ecosystems failed to reveal any
structural damage at the concentration levels tested (5 to 100 ppm HC1 based

on theoretical concentrations) The effect, if any, of SRM exhaust on. primary
production of a salt marsh is still under investigatlon. Background information
on elemental composition of selected woody plants from two terrestrial ecosystens
are reporced. Variability of elemental composition in the natural systems is
considerable, and monitoring of this composition to detect changes correlated
with exposure to SRM exhaust appears co be of qeestionable value,

LD50 for a native mouse (Peromyscos Bossypinus) exposed to SRM exhaust

has been determlned to be 50 ppm/g body weight. The research strongly supports‘
the concept that other components of the SRM exhaust act synergically to |
enhance the toxic effects of HC1 gas when inhaled. A brief summary is given
regarding the work on SRM exhaust and its p0331ble 1mpact on hatchability of
incubating bird eggs. Experimentation is still being dome and conclusions at

this time would be premature.
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CHAPTER 1

FOREWORD

1.1 - Problem-Description

The title of this research project, eeological effects anu environmental o
- fate of solid rocket exhaust" most succinctly states the problem under study.‘
Hyriad natural ecosystems making up the Kennedy Space Center, Merritt Island
or the east central ooast of Florida, depending on your prospective, are
' potentially subject to perturbation by constituents of solid rocket exhaust.
What the exhaust may or may not do after incorporation into these ecological
. systems is an applied question. The answer(s) to this question will necessarily
remain incomplete, since much basic information'on the ecological systems has
not‘been gathered. <Changes only_maj be'eValuated relatipe‘to the long-term,
'"normal" states. Broecker (1) speaks to this dilemma and points out that much
of our computer modeling of ecosystems is without factual base and therefore
the predictions are subject_to question. The.enactment of the National _
Environmental Policy Act (NEPA)_of 1969 has forced our attention to the man-
‘nature interface aud_away fromrthe details of'ecosystem structure'anu‘function
(i,e. determining the long-termr"normal" states). A current lack ofpmonies
for basic researech 1s also part of this scenario‘(l).
The research team's efforts‘have been narnowed to deal with well detined
parts of the ecological systems of interest (Eigf 1)}. Ultimately we are'
concerned nith 1ong-tern uaintenance and stability of ecosystens.

i.2 Seope of the Work

Field and laboratory studies are necessary to gain 1nsight into the effects

aof deleterious materials om. the enviromment., Field studies were planned and
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conducte& in three natural ecosystems: pine flatwoods, scrubby flatwoods,
and saltmarsh. These first studies concentrated on exhaust effects on plants,
the base of all food chains. ‘A native small mammal, the cotton mouse, was

'selected to model the response of the mammals found in the ecosystems under,

| study. “The small mammal work is limited to a laboratory effort to generate
a dose~rssponse.curve. Birds are another highly visible component of the‘f
' ecosystems about which we are concerned. Research has been limited to
_determining how exposure of incubating eggs to solid rocket exhsust mightf'
influence hatchability., Cattle egrets, domestic chickens, an& mallard ducks
are being studied. |
A critital part of the work has been involved in chemiecal monitoring and
analysis of exhaust components in the field sn& laboratosy_experimental syste@s;
The success of this effort is esssntial to-all'phasés of the research.
This Teport is presented in a fairlﬁ coﬁsisteht format in sesen chapters.‘
Individual authors have been largely respon31b1e for organization and writlng

of the chapters. Responsible for research areas and chapters are:

- Name © Department
Drf John Mickus Biologic31'8ciences Laboratory Animal Studies
Mr, Lindsey DeGuéhefy Biolqgical'SCiences f'ég: Hiichabllity Studles
" Dr. Jack Stout A Biologisal Scienses ‘ é221d3;tudies - Ecosystems
Dr., Jack Stout 7 | Biological Sciences _‘ _ ég:oriiory Studlesl— Plants
Dr. David Vickers Biological Sciences ég:meiial Analysis
Dr. Brooks Madsen 'VChemistry _ - ,'éE:éigil Monitoring and ,
) ) : Analysis (Ch. 7) .
br., Bruce Nimmo ) Mechanical Engineering Coordination

~ and Aerospace Studies ‘
Dr. Jack Stout .. Biological Sciences Coardination and Editing



Martha $imkins has skillfully typed this report. Dean Goodall faithfully
carried out laboratory and field dutiles. Gary Byérley assisted in ali the
field and animal:work and built or repaired numerous items of critical need.
Diana Byerley cared for the animal colony and assisted in the physiology
studies., The graduate students have dome thelr shareé Terry Bitner,

'Larry Chynoweth, and Lindsey De Guehery.

(1) Broecker, W. S. 1973. Envirommental priorities. Science 182 (4111).



CHAPTER 2

LABORATORY ANIMAL STUDIES

2.1 Introduction

--$he—purposeuoi-thisereseatch_isetoeStudyuthe—effectsuofmsolidwrocket '

motor (SEM) exhaustlon the cotton mouse, Peromyscus ggssypinus, an animall~
indigenous to the Cape Canaversl area. It is anticipated that when the Shuttle .
program is fullv operational 50-60 launches per year will be reallzed. The‘
plant and animal life adjacent to the launch site might possiBly be exposed‘-
to the cloud form of the major combustion products emitted by the SRM. The

three major exhaust products emitted by the space shuttle vehicle are CO, Hcl,

and Al203. Experimental results indicate that there is an afterburning of
.the carbon.monoxide_to carbon dioxide (1). Thus, the'exhaust products of
concern are the HCL and the Al,05. |

The:Hcl is emitted in a gaseous form, but at relative hunidities much
above 35% virtually sll_oflthe gaseous hydrogen chloride is‘converted intola
hydrochloric acid mist or aerosol

Guidelines for the short—term exposure of humans to HCl have been adeouatelr
described (2), and there has been some documentation of plant and animal
pathology resulting from HC1 exposure (3. A1203 is considered to be an inert
dust and without effect on the respiratory system in humans (4), Since there
.are many documented cases of injury to animalg by compounds which have no.
noticeable effect on humans and since the combined effect of HCl and Al304
_is unknown this information, combined with that from other studies, should
assist in the understanding of theee compounds as possible toxic_hazards.

2.2 Materials and Methods

In order to accomplish the task of-evaluating the'toxic effects of exhaust

products from SRM's on mice, 1t was neceseary to construct a physical system whereby-

the fuel could be safely burned and the animals subjected to the exhaust,



-:2.2.1 Exposure System

The basic requirements that had to be met for the exposure chamber
were:

a.) adgquate size so that a sufficient number of animals could

bé exposed; |

b.) even distribution of the tést gases or particles;

c;) femperature and humidity control or monitoring s

d.) ease of cleaning;

e.)l no hazard to personnel;

f£.) capability of monitoring the concentration of the gases and

particles; |

A small animal Exposure Test Chamber was fabricated using transparent
acrylic tubiﬁg. Acrflic is non~reactive with acids and will not introduce
cﬁemical by-products into the closed loop systemrof the Test Chamber used for
recirculation of burning solid focket motor propellants.

The unit consisted of two identical chambers constructed of 1/4"
wall acrylic tubing with a 10" OD and 8" long. The top and bottom areas of
each Chamber were fabricated by forming sheets of 3/8" acrylic into domes
contoured to the 10" QD 6f.the Chamber tubes with an overall wall thickness
of 1/4".

To close the loop from_Chamber to Chamber two acrylic tubes,of
1/4" by 2" ID were formed to fit openings in bath top and bottoﬁs of each of
the dome ends on the Chambers.

All portions of the Chamber were bonded using acrylic bonding
compound ''Plexite" which sealed all seams. -The left Chamber was designated as

the burn side and right Chamber the specimen side.



Openings of 5 21/32" by 7" were cut into each Chamber to allow
acéess and installation of fixed components.‘ Fixed compenehts in the burn side
consist of an igniter, a burn pan, and ports for installation of temperature

probes, with a hinged door for access. - | -

The specimen side consists of ports for temperature probes, a:-
circulation fan, sampling fport, and humidity‘probe port. | AT%

Access doors ﬁere designed to be interchangeable with a;r locksi”;
to allow more flexibilify.cf test specimen; |

Thg air lock:doors'conaist of a contoﬁredldoor to fit the openings
yich acrylic tubés bonded into doors. Two air lock door assemb;ies were‘fab-‘
ricated. The first ddor.using one each 5.750 ID by 14" acrylic ;ubé,.aﬂd fhe'
second using two egch 3" ID by 16" acr}lic tubes,

Specimen cages were desipned to fit inside tﬁe tubes and,hang on
:the air 1§ck supports when pushed intd the Chamber érea.

The air lock supports were designgd as a controlled area where the
specimens could be loaded into cages and heldAin tube areas while having
breathing air,_unt#l moved toward the Chamber'(approximatel? one inch):at which
time the total area would be sealed from both outside air and also the_fumes in-
 side the Chamber due to the use of O-Rings on all séaling surfaces of thé cage
‘support system. At thé desired time, the specimens could be injected into the

Chamber, while malntainlng the system sealed to the in51de.

An access,port was provided in the upper 2" 1D tubé.fér instailatién‘
of an air flow meter probe, and a drain cock was provided in the bottcm tube to
allow clean out of the system and draining of spillage.l

The Exposure Chamber is mounted on Basg/Control Fanel Unit, consisting

of controls for the igniter with safety switch, variable speed control énd



voltage meter for fan. A 17 VDC power supply for the fan, power indicator

light, separate circuit breakers for system power and a duplex receptacle are

to provide 110 VAC for external use.

Step 1:

Step 2:

Step 3:

Step 4:

Step 53

Step 61

Step 7:

Step 8:

Step 9

expose

The following is a description of the functions of the total system:
Open access door to burn chambér and install fuel in burn pan. Close
and seal door tight.

Remove air lock cage asgembly from specimen door and enclose-spedimené
in cage. Reinstall into door, hblding specimens in breathing position.
Cut on primary power circult breaker. Power indicator will indicate
power is on. |

Using flow meter A/R, ad]ust variable speed control to set fan at

regquired speed. Note: Meter will indicate voltage require& to maintain

this speed.
Raise switch safety cover guard and turn switch to ON position for
arming igniter switch. ‘
To ignite fuel, push ard hold in the momentary action push button
switch until s:aft of burn, releasing button cuts all power to the
igniter, | . ' ' ‘ i
Monitor flow meter and humidity meter to-detergine concentrate level
required.
At proper time, push the airiiock cage support into the Chamber to
expose specimens torcirculated'fumes.
Te cut all power to system cut off circult breaker.

With the interchangeable gir lodks, the unit could be used to

eggs, plants, insects, and small mammals, With the mouse exposures,

5 animals were place in the Chamber at each exposure.
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The unit'provided ug a means‘uhereby'we could safely burn up to
6.5 gms of‘fuel;d This quantity would generate in the exposure chamber (38 liters
capacity) enough gas and particulate to elicit the desired effects.

Recirculation of the exhaust fumes through the chamber provided
a- meansnwherebywwe could establish a- uniform concentration of the-gas and
particulate matter and maintain this uniformity throughout the exposure period

7 We were able. to monitor the temperatures in both the burn chamber

and the exposure chamber. The temperature of the system was always allowed to
equilibrate before the animals were inserted for exposure.

The relative humidity of the chamber was always in.excesa of 75% as
determined by a hunidity sensor made by Panametrics. Thus we were assured
that we had hydrochloric acid mist in the Chamber.

The monitoring of the gas and particulate concentrations, the
methods and the results. -may be found in Chapter 7 of this report.,

2.2.2 Experimental Deaig_

This program utilized 40 mice in the formal exposure. However,  in
. the preliminary experiments, minimally, another 40 animals_were utilized. - The

mice that were used were Peromyacus gossypinus, the cotton mouse which Were

trapped in the pine scrub on the outskirts of the campus of Florida Technologlcal
University. The animals were captured in aluminum Sherman live traps using oat
flakes as bait. i 7 |

After capture_the animals were tagged and weighed.__They were main—
tained in'an air~couditioned trailer,_the room temperature heing maintained at
about 22°C (72°F) and the relative humidity between 45-65%. The photoperiod -
was 12 hours light, 127hours dark.. The animals were housed in polycarbonate‘
cages.-using cedar chips and a small amount of cotton as bedding material. The-

animals were fed Wayne Lab-Blox F6. The quantity of food permitted was 4 gos/

animal/day and the diet was supplemented with a few sunflower seeds weekly
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Water was supﬁlied ad libitum. Normally, one'ma{e was placed with two females
with the intention of establishing a breeding stock from the trapped colony.
No;mal hematological values (red blood cell count (kBC), white blood cell count
(WBC); gms, hemoglobiﬁ (Hb), and hematdcrip {Ht) ) were determined for these
animals and monthly weighings were maintained (5). |

The animals were exposed, 5 at one time to varyiﬁg concentrations
of the exhaust for a pe;iod of ten minutes. The exact concentration could not
be accurately determined before exposure because a certain quantity of the
exhaust would either adsorb to the wall of the chamber or precipitate out of
suspension, Thus, a theoretical concentration was estimated from the quantity
of fuel burned, knowing the volume af the chamber. Continuous monitoring of
the‘éhamber was performed so that the exact concentrations of the gas and also
the particulate matter were known for each exposure.

The ten minute exposure time was chosen for it was predicted that
the ground cloud of exhaust material would remain stationary over any one
location for no longer thanm this time period. |

Control mice, which were under the same atmosﬁheric and stress
conditions were placed in the chamber for the same-time period with the ekception
that no exhaust fumes were generated.

If the animal survived the exposure, the hematology, consisting
of RBC, WBC, Hb, and Ht. were performed. The animals were oﬁserVed for any
post-exposure effects and wére sacrificed 48 hours after exposure, Gross
patholegical observations were made at necropsy. Lung tissue was taken for
histoepatholeogical evaluation.

2.2.3 Exposgure
| The design of the exposure chamber pérmitted the burning of the fuel

and the establishment of a uniform dispersion of the exhaust before the animals
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were inserted inte rhe chamber. Dispersion of the exhaust was caused by a
small circulating fan placed just belbw the burn pan. The animals were not
inserted into the chamber until uniform distribution of the exhaust was

. lobtained and until the tqnperature of the chamber reached 29 C : This time ‘:
period betﬁeen burn and-insertion of the animals averaged 5 minutesy_b

2.2.4 Aérosol Characterization

.Besides the HCl mist, Al 03 particles were generated by the SRM,
Since our laboratory did not have the capability of determinlng partlcle size
of the A1203, Strand (&) of the Jet Propulsion Laboratory (JPL) undertook a
comparative study for us of particle sizes of axhaust material produced by‘a
solid rocket propellant burning upconfibed (ag we did) versus burning in a
small rocket motor.} Tha photomicrographs of the open burn residue exhibitad
a distinct bimodal character. Most of the particles were very fine {< um)

with a small number of quite large particles (§umrto'greater‘thah 100ym).

The larger particles settled out rapidly by gravitation. This was of little

concern to us because particies of this size are non~respirable and would have

no effects.

The cancentrations of HCI and Al 03 Qere continuously monitored
during the exposure. This procedure and the results will be f0und in Chapter
7 of this reﬁort.

2.2.5 LD50 Determination -

Animals were exposed 1n groups of 5 to the exhaust for a period of

ten minutes. The concentrations of the exhaust varied as determlned by monltorlng

the HC1 and A1203 levels. LD50 determlnations are based on concentrations .of
HC1 in the presence of the minimal quantity of A1203 generated in the exhaust.

Weil's method for CDgy determination was utilized (7).
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Because the ratio of the concentration of HC1l to A1203 was not a constant

value but varied from exposure to eiposure the LD50 values were determined for

the HC1 component of the gas in the presence of a specified minimum of A1203.
This minimal value was determined as the smallest quaﬁtity of AlZO3 which would

appear in the exhaust with a known quantity of HCI1.

2.2.6 Histologx

Microscopic evaluation of the trachea and lungs removed from ail

animals will be forthcoming in a separate report.

2.3. Results and Discussion

Normal values for RBC, WBC, Hb, and Ht have already been reported (8).

Hemoglobin values fgr each of the 40 animals surviving exposure to the
SRM exhaust were compared to the pe-exposure values. The post-exposure values
ranged from 11.9 to 18.5 gm/100ml of blood for the mice. No significant
"variatigns from control values werae seen in the animals exposed to thelrocket
exhaust.

Packed cell volumes,(hemafocrit) were compared to the pre-exposure values.
Post-exposure values ranged from 41.0 to‘Sl.Ox. No significant variatioms
from control value were seen, |

Red and white blood cell counts were compared to the pre-éxposure values,
Although there was extreme variation in the post-exposure counts, there were no
significant differences between control and exposure values.

The mortality rates to inha1ed SRM exhaust for mice are presented in Tables
1 and 2. The LDSO slopes are presented in Figure 1. The slopes for the two
replicates are not significantiy different. |

In all instances, exposure to the exhaust caused signs of respiratory
distress and dyspnea in the mice. With but one exception, any animal that was

alive at the end of the exposure period survived until sacrifice 48 hours later.



TABLE 1.

'MORTALITY RESPONSE OF MICE

EXPOSED 10 MINUTES TO SRM EXHAUST

13

HC1l Concentration A1203 Concentration Deaths
ppn/g body weight mg/g body weight
29 80 0/5
39 111 '1/5
54 143 3/5
78 244 5/5

LD HC1

50

95% confidence limits

49 ppm/g body weight

39 - 62 ppm/g body weight




TABLE 2.

MORTALITY RESPONSE OF MICE

EXPOSED 10 MINUTES TO SRM EXHAUST

HC1 Concentration

ppm/g body weight

A1203 Concentration Deaths

mg/g body weight

14

37 134 0/5
49 143 3/5
57 238 " 3/5
72 \ 244 475

LD, HC1 - 50 ppm/g body weight

95% confidence limits

40 - 59 ppm/g body weight
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Fig. 1. Mortality feSponse of cotton mice exposed 10 minutes

to SEM exhaust.
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HCl is a respiratory irritant in the aqueocus or acid form. Constriction
of the bronchicles after exposure to low levels of the acid is not an uncommon
finding. Coupied with the added effects of the particulate A1203, the effects
of HCl become more dramatic.

The lethal concentration of HCLl to a different species of mice was reported
by Higgins, et al. to be 13,745 ppm. Using mice weighing 30-35 gm. the results
exﬁressed on é ppm/g bod& welght basis would be 393-458 ppm/g body weight.

~This is an oraer of magnitude greater than what was realized in this experiment. -

It is believe§ that the A1203 has a synergistic effect on the constricting abilities
of HCl. Indeed, Robiilard} et al (10) demonstrated the éonstricting effect

of A1203 on the bronchioles of guinea pig iungs.

Necropsy‘of the many animals which died during the exposure period revealed
that the pulmonary artery was quite distended.

It is likely that exposure of the mice to the rocket exhaust results in
broﬁchiole constriction. Among other things, this cqns;riction could cause

@ decrease in intrathoracic pressure during distressed inhalation which would
result in an increase in the pulmonary transcapillary pressure. Pulmonary
edema would result from this increase in capillary_pressure. Also, it is
known that irritant gases will increase capillary permeability, which in
turn favors edema formation.

It would be ihteres;ing to see the effect of chronic exposure of the
5RM exhaust-fo small animals. Certainly, no animal will remain in the area of

a ground cloud of such an irritating gas for any proldnged reriod. Chronic
e#posure might elicif & different effect in interfering with the lung's clearing
capacity and thereby allowving particulate matter buildup in the lungs. ?LA1203,

which is the major form of A1203 in the exhaust has been shown to be fibrogenic

in high concentrations (11).
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Pathological findings of the lungs exposed to SRM exhaust will be forth-

coming in another report. 7

2.4 Summary
_The_ lethal concentration to 50% of the mice Peromyscus gosevpinus

was determined to Be 49 ppm HCl/gm body weight in the presence of Al;0y for

a 10 minute exposure. 7

This valpe is an order of magnitude lower than that previéusly reported
for another species of mice.
Acute exposure (10 minutes) did not result in significant alterations in

- hemoglobin, packedlcell volume, RBC or WBC vzlues of the mice.

The presence of the particulate A1203 appears to act synergistically

with HC]l in causing acute toxicity to cotton mice.’
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CHAPTER 3

EGG HATCHABILITY STUDIES

3.1 Introduction
"-”Thé"ﬁﬁfﬁﬁﬁé“ﬁfwthis'study“hasfbeen”to~determine~aome~potentialneffects

of SRM exhaust on bird populations of Merritt Island. Thé initial proposal
called for 1-3 exposures of incubafing epgs- of four species to predetermined
concentrétions of SRM exhaust. Additional.study was proposed to determine if
any épecific structural or physiological mechanisms were responsible for
mortality associated with exposure to SRM exhaust. A preliminary study on
incubating chicken eggs indicated the potential.lethélity of higher
(100-1000 ppm) concentrationg of the exhaust producté for a single, short
{10 minufes) exﬁosure. This‘view has been reinforced by subsequent study.
To date, collection of data for hatchability studies are'complete.or néarly
. so for two species, viz., cattle egrets and domestic;chickens.‘ Although
not originally proposed for study, domestic chickens have now been included
_iﬁ the r;search in place of bobwhite quail. Chicken eggs will provide a
greater correiation_of results with published data. ‘Additionally, the size
of-chicken_eggs ﬁakes_them mbre amenable for blood-gas analysis.

3.2 Literature -

A liﬁerature rgvigw concerning this research is found in the First
Annual Report {Chapter 4). Literature search hag cpntinued; A final
synthesis of the research results and literature findings will ﬁppear in the

' ﬁastef's thesis resulting from the work.

3.3 Experimental Methodology

. 3.3.1 Cattle Egret
Eggs were coilected from wild populations in two different
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localities. The first sample was taken from a spoil island in the Indian
River just north of the entrance teo the Haulover Canal (R35E, T20S, Sect 24) .,
This island is adjacent to the Merritt Island National Wildlife Refuge and
cénstitutes a portion of the bird nesting and breeding sites of the areas.

A second collectién of eggs was made from a floating island of muck and
vegetation near the north end of Lake Griffin, near Leesburg, Florida.

Eggs were randomly placed into treatment groups based on the
exhaust concentration to which the eggs wpuld be exposed. All eggs were
weighed on the day of collection, and exposed to the apéropriate exhaust
concentratidn corresponding to the treatment groups. Control_eggs were all
placed in a single treatment group and sham exposed to 0 ppm. Within each
treatment group, eggs ﬁere exposed from 1-3 times. On the fifth day of
incubation, two-thirds of the eggs in each group were exposed to a second
exposure of the initial concentration for that group. Selection of these
eggs was partly predetermined by virtue of the fact that all chicks which
had hatched on days 0-5 were automatically excluded from selection, and thus
placed in the group receiving only one exposure. Otherwise, selection of
;he remaining eggs was random. A third exposure was made on day ten to
one-third of the eggs in each group, with eggs bging selected in a similar
fashion, . |

Eggs were incubated in a Petersime Model 4 forced draft Incubator
at B0-86% relative humidity and 37.8 C. Eggs were automatically rotated every
two hour;. Eggs were weighed every third day on a Sartorious Model 1106
elgctronic balance.

Exposure treatments were administered in two different exposure

chambgrsf Chamber 1 is described in Chapter 2. Eggs in chamber 1 are
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maintained at 36-38 C by an external light source. The second chamber
{chamber 2) is a 1-m3 plexiglass cube. Eggs are placed on a wire rack in
the center of the chamber during expoSure; This chamber has been covered
with_a styrofosm insulating jacket, and is heated to 38-40 C prior to
exposufe with a Hastef Appliance Corporatioﬁ Model HG501 heat gun. Fuel

is burned in a pan of sand located on thé floor oflthe chamber. At the time
bf use chamber 1 did not have a scrubber .apparatus; however, chamber-2

does possess such a means for determining the actual exposure concentrations.

3.3.2 Domestic Chicken

Chicken eggs wefe procured from bréeder stocks of DeKalb White
Leghorns at Musselwhite Hatcheries in Maitiand, Florida. Eggs were marked'
with indelible ink, weighed, and incubated Qithin seven days of purchase.
Each treatﬁent (e#haﬁst-concenf;atioh_x number of expoéures) consisted of
15 experimental eggs and 9 c;ntrAI eggs. Each treatment.was (pr iz being)
triplicated. Du;ing incuﬁation egg weights are monitored (usually every three
.déys) ;nd eggs are candled at least twice during iﬁcgbation. Incubation
conditions are the same as fpr the cattle_egref eggs. All exposures were made
in exposure chamber 2.

. 3.4 Result and DiSCussion

3.4.1 Cattle Egret

The percent of h;tch of ;he cattle egret eggs are shown in ?able 1.
Hatchability is defined iq this study as thg.pefcentage of  chicke which ‘
hatch ﬁ;og fertile eggs. Cattle_ggrets were the first eggs to be tested,
owing to the constraints of time imposed by the breeding seasdﬁ, ;Iﬂitial

éxposures in chamber 1 have yielded datarless meaningful, sinceé the chamber

has not been calibrated sco that the weight of fuel used can be translated into




Table 1. Percent hatchability of cattle egrets exposed to various concentrations of SEM exhaust
' 1, 2, or 3 times during incubation. Sample size 18 shown in (),

Percent Hatch of Treatment Groups

Number of o
Exposures : ‘ Theoretical Concentration of HCL {ppm)
Controls _ 1in SRM exhaust
50 100 170 429 500
1 72 (18) & 90 (10) ® 100 (15) ® 95 2 ° e N P 95 (19 2
8o (18) °
| l a ‘ a b ' b a’
2 - 50 (16) 88 (16) 100 (17) g8 (16) 83 (18
a a b ' b a
3 - 71 (17) 64 (11) 88 (16) ~ 20 (15) 233 (12)

a Exposed 1n chamber 1

b Exposed in chamber 2

Zl
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an actual concentration of exhaust gasses. There have been indications that
some fractions of the exhaust products adsorb to the plexiglass chamber, and

the large surface area: volume ratio of chamber 1 probably causes a

,S%Eﬁif?EﬁFE v§p;§;ion be;wgen‘theoretical and actual concentrations. As

indicated éarlier, there was no scrubber apparatus attached to exposure
chamber 1 at the timé 6f the cattle egret experiments. |

It should be emﬁhasized that the data in Table 1 is "raw" and
has not beén Subjécted to any statiétical analysis. The exhaust concentrations
shdwn are calculatad théoretical values. Until the calibration of chamber 1,
normalization of the pefcent of hatchability of the experimental eggs vs.
controls, inporporation of egg welght data, and scanning electron microscope
work on the shells, little can be inferred from this data except to note
the apparentldepression of hatchability at the highest concentrations when
compared to controls, |

3.4.2 Domestic Chicken

The percent of hatch of the chicken exposures are shown in Table 2.

"Contrel hatch rate to date has been 927 (135 eggs). This percentage has been

normalized to 100%, and subsequently all percenfagesrin Table 2 have been
multiplied by this normalization factor. Thus,‘percentages in Table 2 reflect
the percehﬁage of the experimental eggs hatched vs. contrels, and not sigple
hatchability. Thiftyeone treatment groups are dowuin_process,”aﬁd the hatch-
ability data will beléympletg for chickens by the tﬁird week of October. The

exhaust gas concentrations ghown are calculated theoretical vaiues, and not

‘the actual scrubber values. The data reported suggests that the lethal factors

of the exhaust cloud are cumulative since hatchability is reduced both with

higher concentration and with repeated exposure.



Table 2. Percent hatchability of domestic chickens exposed to various concentrations of SRM exhaust
1, 2, or 3 times during incubation. Sample size iz shown in { ). Percentages have been
normalized to make the contrelas equal 100%Z., All exposures were carried out in chamber 2,

Number of o Percent Hatch of Treatment Groups

Exposgures

Theoretical Concentration of HCl (ppm)
in SEM exhaust

10 50 100 175 ' 250 500
1 : 73 (15) * 100 (14) 94 (13) - .32 (14) 0 (13)
| 87 (15) 0 (15
2 : 100 (14) 94 (14) 8 (14) - 0 (15) -
84 (13)
3 - 84 (13) 19 (12) - 0 (15) -
100 (13) 47 (14)

a Incubator fan did mot turn during the night of hatch and embryoniec

temperature dropped below 37.8 C.

s
I~
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'CHAPTER 4

FIELD STUDIES - ECOSYSTEMS

4.1 Intfoductién

- - The-purpose..of this_research_has.beenmtoﬁdetermine_if.single,and_shortf
© term exposure (10 minutes) of selected ecosystems to SﬁM exhausé results in
demonstrable changes in certain response parameters. Field studies
commenced in July 1973 with the selection of_pérmaﬁent study areas in undis-
turbed plant communities representative of salt marsh, piné flatwoods_aﬁd
scrubby flatwoods ecosystems. During the first several months soil pH and C1~
concentration were documented to determine the variation between the wet
(éummef) an§ dry (winter) seasons. Quantitative data were gathered on
woody plant dominants inhabiting the tw6 flatwood éommunities; whereas, in
‘ 'thelsalt marsh staﬁding crop biomass of plants was estimated once each month.
Exposurés of intact plant communities were carried out in June, July and |
August, 1974. Field observations on study plots are continuing.

VA-preliminary study of the data suggested little if any discg;nible
change in selected response parameters resulted following the exposure of-
-study areas to SRM.exhggst. This_observation ié suggested now, but subsequent
- longer-term studiés may necessitate modification and restatement.A
4.2 Litergture |
No new literature on the ecology.of terrgsgrialrpiant commnnitieé‘in

Flerida has been discpye%ed since the First Annuél Report, Numerous papers
beaiing on salt marsh écology apdﬂcpﬂﬂtalzone mqnaggment_havé[ﬁeen published
inlthe lastfseveral,moqtﬁs. Thiglliterature is'routinelyrraho:ded-and if

germane to the ongoing work reprints or coples are obtained.-_
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The final repoft for the terrestrial ecosystems will integrate the
results with those reported in the literature regarding other éir pollutants
ﬁr toxic materials. An extensive literature review on salt marsh ecosyétems
is anticipated-in the master's thesis -in preparation on that phase of the |

investigation.

4.3 Hgthodologx _

4.3,1 Terrestrial Ecosystens

4.3.1.1 Pine Flatwoods

This ecosystem is a counterpart of a community type
found widely over peninsular Florida (1). The overstory of pine is not
present in stands found on North Merritt Island, but a typically developed
understory of evergreen shrubs is present. Sweet (2) has presented quantitative
data on stands found elséwhere on Merritt Island.

The site seiected for sfudy was located approximately
100 yards eaat of the Palmer Crydtal Creek Road and 400 yards south of the
" Suspect Car Siding. | |

This ecosystem has a very high watertable and is very
‘poorly drained during'the wet (summer) season. Shallow, standing water. is not
an infrequent occurrence on the pine flatwoods sites.

4.3.1.2 Serubby Flatwoods

This ecosystem is very similar to thé éandpine—scrub
communities that occupy well-drained sands in many parts of Florida (3).
The coastal examples on Merritt Island lack the-sandpine overstory. Sweet (2).
has presented data oﬁ stands he studied elsewhere on Merritt\Island.

The site selected for study is located on Happy Creek

Road approximately ﬁDO.yards east of Kennedy Parkway North.
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Scrubby flatwoods communities are not subject to

seasonal flooding owing to deep, permeable sands upon which they are found.

* 4.,3.1.3 Research Design and Exposures
Eight sfudy'plots Wefe designated within each flatwoods
 community (Fig. 1 and 2). The plots were staked for ease of location and assigned
to treatment levels according to a randomized complete block design (4). Four
' treatments {control, 5, 50, and 100 ppm HCl according to theoretical coﬁ—
centration in SRM fuel exhaust) were applied to 2 replicate plots in each
: treatment.

Quantitative data were gathered 6n the woody plants
occupying the two study areas, Forty l-m2 quadrants were randomly selected
and the speciles gnd number of indiyiduals of woody plants recorded. Leaf
' material was collected from each plot for elemental analysis (reaulfs are
provided in Chapter 6).

| Soils were studied prior to carrying out exposures on
the study plots. Analysis was limited to pH and Cl- concentration.

Structural condition of leaves on 4-6 woody plants within
each study plot was documented by line drawings, notes; and color photographs
prior to-exposure to SEM exhaust. 2lants were tagged with identification
numbers. Three branches were selected from the ;op,rmiddle, aqd bottom of
the canopy and tagged for sequential observation of the 3 terminal leaves.

(3 branches x 3 leaves = 9 cbservation units per plant).

Each study piot was 3.16-m on a side (lO-m?). A field .
encl&snre was designed to rest over_thé vegetat}oﬁ Pnd confine the exhaust
‘-gases for a period of 10 minutes. The enclosure was constructed of 4 side |

panels and 2 hinged roof panels. Each panel was.3.16-m x 1.67-m. Construction
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Suspect Car Siding
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Fig. 1. Map of plots located in pine flatwoods that received
’ : single exposures of solid-rocket motor exhaust. Plot

numbers are shown with theoretical concentration of HCL
in ().
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" Kennedy Parkway MNorth

(OJ13¢5)
: O
- 14(100)  12(5)
J 15060) .
- O saom
Oiscy O Ui0)

11(50})

Fig. 2.

Happy Creek Road

'Map of plots located in scrubby flatwoods that received

single exposures of s0lid rocket motor exhaust. Plot

numbers sare shown with theoretical concentrations of
HCL in ().
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was of 2-in; x 2-in. cedar framing with 6 mil polyethylene transparent plastic
walls, Walls and roof were designed to erect in the field with clamps and

guylines to provideArigidity. Total volume enclosed was 16.7-m3.

Exposure of study plots to SRM exhaus; was carried out
by standard procedures.r Pre-welighed Quantities of SRM fuel were attached
with nichrome wire (0.0IO-in. diam.) to lead wires from a battery box. SRM
fuel was placed on arsand substratum within an open-topped metal cylinder
which served to shield the plants from thermal damage. Lead wires extended
out of the enclosure where ignition could be controlled. Five impingers
were éperatéd with a vacuﬁm pump to sample atmospheric concentrations
qf chloride and A1203 within the enclosure dnringrén exposuré. Additional
éetails concerning chemical monitoring are given in Fpe First Annual Report

pages 92 to 98.

A YSI telethermometer was employed to monitor outside
ambient and enclosﬁre ambient temperatures during exposures.

Exposure of study plots to SRM exhaust was done during
June-August, 1974,

4.3,2 Marshland Ecqgiptems

4,3.2.1 Saltmarsh
Saltmarshes are exceedingly important to natural functicning

of estuaries (5,6). ﬁqch of Merritt Island is marshland; however, the structﬁre
and function of particular marshes varies owing to the range of salinity among
them. A marsh near Black Point on the northwest corner of Merritt Island was
selected for intensive study. Formerly the marsh was diked, but in recent years
the dikes have been opened to allow salt water from_the Indian River to gain
access. Soils are now generally saturated and surface water (1-6 in.) may be

present during the wet season. Vegetative cover now consists of a mosaic of rather
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homogenous stands dominated by either Spartina bakerii, Distichilis spicata,

or Juncus roemerianus,

'4.3.2.2 Research Design and Exposures

,,,lh;gg_g;ggy_a;gggiwerengelectgd fbr integgiyg_gbsequtiuhs.
Two areas are being studied to provide baseline information on productivity
of the marsh vegetation. The third area was established to décumept any
effects SKRM exhaust might have on productivity of the marsh vegetation.

| The béseline productivity studies are being done on a
Spartina cdmmunityland a Distichilis community. Each.month~10 randomly selected
0.25—m27quad:ants in the Spartina community are clipped of all standing .
vegetation. The material is sorted into species groups, dead, and living.
Mass in grams is determined for the-dead material. Living material is dried at
100°C for 24 hr. in a forced-air drying oven and‘the dry weight determined.
Subsamples of the dried vegetation are tﬁeﬁ burned in a micro-bomb_caloriméter
to ascertain the caloric values on a dry-weight basis. This procedure allows
one to féconstruct the status of the marsh from season to seéson on thé basis
of the plants present, their_biomass,_and energy content. Methods identical to
those outlined above are used in the companion study of the Distichilis
commmity, with the exception of the sample quadrant size which is ‘O.l—-m2

Study of the effect of SRM exhaust on marshland prbductivity

wés limited to 18 study plots in a Distichilis'community-(Fig. 3). Exposure |
procedures were identical to these described in ééction 4,3.1.3. Eighteen
plots were systemétically loéated and marked with corner stakes. . Treatments
were randomly assgigned: 2 plots.at 5 ppm; 1 plot at 10 ppm, 3 plots at 50 ppm,
3.plots at 100 ppm, 1 plot at.900 ppm, 2 control plots with the epclosure in

place, and 6 control plots without the enclosure.,
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Map of plots in Distichilis stand located in restored
salt marsh and receiving single exposures of solid
rocket motor exhaust. Plot numbers are shown with
theoretical concentration of HCL in ( ).
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Qhanges in plant biomass on'the experimental plots will
be uéed to evaluate the impact of exposure to known concentrations of SEM
exﬁaust. Two O.I-m2 quadrants were clipped on each study plot at the time
of ef?9§ure._ Two additional iuadrants_?g each study plot were cllpped two
weeks and again 4 weeks after exposure. -

4.4 Results

4.4.1 Terrestrial Ecosystems

Study of the pine flatwoods community revealed 9 dominant woody

plants (Table 1). Dwarf live oak (Quercus minima) occurred at an average

2 : : '
density of 20.2/m". Saw palmetto (Serenoa repens) was far more conspicuous

_but less dense (O.SIm?). Shiny lyonia and shiny‘bluebérry were common elements.

A major contrast between the pine flatwoods and the scrubby flatwoods
1s' the number of oaks (Table 2). Myrtle (Q. myrtifolia), scrub (Q. cﬁazmanii),
and dwarf live oak were common in the scrubby flatwoods. Likewise, saw

palmetto appears common, but was present at the same density (0.8/m2) as in the

pine flatwoods, ézggig 8p., and tarflower (Beférié raéemosa) were cotmmon,
Soil pH was determined on each plot in two plant communities (Table 3).A

'The pH was lower (4.0) . in the pine flatwoods an; significantly different
(p< .05) than in the scrubby flatwoods (4.4) in August 1973, This trend was
maintéined in the April 19?4 sample; hdwever, the mean pH ingreased slightly
in bo£h comrunities. Overwinter dgcompdsition of detritus may have contributed
fo this slight.shift i@ pli. The heaﬁy rains of the summer §f71974 appearéq
to have 1§wered the pH on both community types by August and September 1974,

- Study plots on the pine flatwoods site were exposed to SEM exhaust

for 10 minutes on either August 26 or 27, 1974. The rgsults of chemical monitoring

of HC1l and A1203 in the enclosure atmosphere is summarized in Table 4. It may be

. e et 8 = eyt s



Table 1. Density and frequency of woody plant species found on pine

flatwoods study,site, Merritt Island, Florida.

based on 40 1l-m~ sample units.

Data are

34

Species

Density (No.lm?)

Frequency (Z)

Quercus minima
{Dwarf Live OQak)

Lyonia lucida
{Shiny Lyonia)

Lyonia fruticosa
(Staggerbush)

Vaccinium myrsinites
(Shiny Blueberry)

Serenoa repens
(Saw Palmetto)

Ilex glabra

(Galiberry)

Hypericum reductum
(St. John's Wort)

Hypericum cistifolium

(St. John's Wort)

Myrica pusilla
(Dwarf Wax Myrtle)

20.2
5.4
0.2
4.0
0.8
0.6
0.7
0.2

0.1

100

100

25

75

100

25
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Table 2. Density and frequency of woody plant species found on scrubby
flatwoods,study area, Merritt Island, Florida., Data are based
on 40 1-m” sample units.

Species Density'(No./mz) Frequency %
Quercﬁs myrtifolia 10.1 ) 100
(Myrtle Oak) : '

Quercus chapmanii ' 3.9 100
(Scrub Qak) '
'gpercus minima ‘ 4.3 100

(Dwarf Live Oak)

Lyonia fruticosa 1.7 100
(Stagger Bush)

Lyonia ferruginea 0.3 62
(Rusty Lyonia) '

. Lyonia lucida ' ‘ 0.2 50
(Shiny Lyonia) -

Myriéa pusilla : 1.2 . 87
(Dwarf Wax Myrtle) } . ' _

Vaccinium myrsinites 0.9 ) 100
{Shiny Blueberry)

Befaria racemosa 0.8 50
{Tar Flower)

Serenoa repens : 0.8 o - - 100
(Saw Palmetto)

S



Table 3. -Soil pH of study plots in two ecosystems on KSC,

So0il pH {(mean and standafd error)

Sample Date Pine Flatwoods

Sﬁrubby Flatwoods
(Plots 9-16)

‘t-statistic

(Plo;s_l-S)
8-73 4,0137 (.0705)
4=74 : 4.1062 (.0631)
8-74 : a
g-74P 3.9250 (.0284)

4.4650 (.0958)
4.6137 (.1023)
4.2950 (.1092)

4.3650 (.0668)

3.7930 (p<.05)

4.2198 (p<.05)

6.0540 (p¢.05)

a Soils not sampled 8-74

Plots were exposed to SRM exhaust during August, 1974,

4c



Table. 4, Theoretigal and atmospheric concentrations of HC1l (ppm) and Al
L field enclosure after open burning of SRM fuel,

a 16.7-n

2

0
The pi

(mg/mB) as measured in

ots were located on the

pine flatwoods study area. Three impingers were located .4-m and 2 1.0-m abdve the surface.

Theoretical

b Theoretical Enclosure ﬁnclosure
Plot No. Concentration Concentration of ancentratign Cb&centration
of HCl (ppm) HC1 (ppm) ng Al,0./m og Al.0. /m>
by Sample Height c 23 23
by Sample Height
JA=m 1.0-m Amo 1.0m
3 . 5 3.7,2.7,2.8 2.9, 2.3 - - -
6 . 5.1 0.7,0.8,1.2 1.0, 1.3 - - -
4 ~ 50 10.7,4.2,7.2  10.4, 3.4 - - -
5 50 . 5.9,7.0,3.7 12.2, 3.5 ~ - ; -
7 99.2  10.4,15.3,6.9  13.6, 19.7 228 10.9,16.9,13.7 7.8,11.8
8 ‘ 98.6 14,3,13.0,19.1 16.1, -18.0. 228 22.2,16.9,%5.9 18.1,13.3

a Exposures were carried out 8-26, 27, 1974

b Plots 1 and 2 sgrﬁed as controls

IAY
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noted considerably less than the thecretical concentrations were measured by
the‘impingers. Exhaust products do not appear to be stratified within the
_enclosure. It may be assumed, although not verified, that the walls of the

field enclosure adsorbed much of the exhaust derived HCl as demonstrated in the
case of the laboratory enclosures {Chapter 7). Likewise, the plant foliage
would offer an enbrmous surface area for adsorption of particuiate and absorption
of gaseous material.

Post-exposure observation of the pine flatwoods study plots
has revealed no apparent structural changesAin the foliage of marked or
unmarked plants. Observations are continuing.

Analysis of soll pH on the study plots a year before, the
s#ring before, and 10 days after exposure to SRM exhaust revealgd no significant
interactions (p«< .05)_(Tabie,5);

Data on C1 concentration in the soils qf the pine flatwoods
s;udy plots are summarized in Table 6. Concentration of Cl was-greater in
all sampling periods in 1974 than in the 1973 sémples. No consistent pattern
existed between level of Cl__and the exposure to SRM exhaust.

Reéults pf chemical monitoring of HCl and A1203 in the enclosure
during studies on the scrubby flatwoods sites are provided in Table 7. Vegetation
was denser and higher on these plots, but stratification df HC1 and A.1203
appeared to occur only at ﬁhe highest concentration 1evé1,(plot= 9 and 14).

Post-gxposure observation of the scrubby flatwoods plots has
revealed no damage attributable to SRM exhaust. - Observations are continuing.

Analysis of soil pH on the scrubby flatwoods plots revealed no

significant interactions between pH and exposure to SRM exhaust (p¢ .05) (Table 8).
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Table 5. Scil pH on the pine flatwoods study plots according to

treatment group.

Mean pH of Replicate Plots

Sample Date . in Each Treatment Group F - statistic
: S . ... (based on ppm HCl received) _.__ . .
-0 5 50 100
8-73 4,07 4,36 3.99 3.82 0.7968 NS
‘ 3.71 4.06  3.96 4,16
4-74 . 4,12 4.18 b.24 4,02 :
3.82 4.33 4.24 3.90 3.3609 NS
9-74 * 3.81 4.00 3.88 3.83
1.7085 NS

3.96 4.03 3.98 3.91

a Ten days after exposure to SRM exhaust.



Table 6. Cl  concentration in soils on study plots prior to and after exposure to SRM exhaust.

Treatwent Level’

Cl~ Concentration {ppm) by Sample Date-

Ecosystem Plot (ppm HC1) 8-73 4-74 8-74 9-74 b
Pine Flatwood 1 _Control <10 51 -2 70
2 Control 20 81 - 32
3 5 ¢ 10 27 - 17
4 50 <10 22 - 20
5 50 <10 34 - 32
6 5 < 10 21 - 22
7 100 <10 18 - 21
8 100 <10 40 - 51
Scrubby Flatwoods 9 100 <10 18 28 19
10 Control <10 23 17 17
11 50 <10 30 22 21
12 5 ¢ 10 16 21 19
13 5 <10 21 29 23
14 100 <10 16 19 15
15 50 < 10 19 17 19
16 Control < 10 18 15 35

a Soills not sampled

b Exposure to SRM exhaust occurred 10 days before these data were takeﬁ;

oy
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(mg/m3) as measured in a

I

Table-.7. Iheoregical and étmospheric.concentration of HCl (ppm) and A120
: 16.7-m” field enclosure after open burning of SRM fuel. The plgts were located on the

serubby flatwoods study area. Three impingers were located .4-m and 2 1.0-nm ébove the surface. >

5 Theoretical Enclosure . Theoretical Enclosure
Plot No. Concentration Concentration of Concentratign Con¢entratign
: of HC1 (ppm) HCY1 (ppm) . mg Al.0./m mgi AL, 0, /m
' by Sample Height 23 | 23
e ) by Sample Height
Am 1,0m : o C hm 1.0m
12 . 51 <0.4, 0.6,1.0 <0.4,0.4 - - -
13 4.9 €0.4,0.4,0.6 <0.4,0.3 _ - - -
11 49.2 4,5,1.3,2,1 16.6,14.8 | 114 - 17,9,17 { 17,21
15 S 49,2 3.8,4.4;2.2 4,9,4.2 114 ‘ 7.5,7.6,9.5 7.7,6.3
9 98.5 7.3,6.4,6.2  7.5,15.1 228 14,20,19 ' 10,14.5
14 99.0 5.1,11.5,2.8 37.3,32.0 230 32,26,37 c 51,59

a Exbosufes were carried out between B-19 and 8-21, 1974.

b _Plots 10 and 16 served as controls.

%



Table 8. Soil pH on the scrubby flatwoods study plots according to
treatment group. .

Hean‘pH of Replicate Plots

Sample Date. in Each Treatment Group F-gtatistic
(based on ppm HCl1l received)
0 5 50 100

8-73 4.50 4.04  4.24 4.72 4318 NS
4.28 4,56 4.88 4,50

4-74 4.41 4.50 4,89 5.03 . 2.4295 NS
4,21 4,70 4.35 4.82

8-74 4.18 3.80 4,17 4.62 2,1760 ‘NS
4,72 4.03 L.48  4.36

9-74 & 4,29 4.27 4.31 4.81 .4359 NS

4.42 4.29 4,32 4.21

a Ten days after exposure to SRM exhaust.
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VResults of monitoring cl concentration before and after
exposure of scrubby flatwoods plots to SRM exhaust reveazled no obviou§ trends
or correlations.
4.4.2 Saltmarsh
Standing crop biomass data for the first 5 months of study of the

Spartina and Distichilis communities are shown in Figures 4-9, Samples for

July and August have beén collected and are incompletely énalyzed at this time.
Caloric vaiués of the plant materials are being determined at the present time.
The study will continue for another 5 months,
Resﬁlts of the.chemical analysis of_fhe HCl and A1203 coﬁcentrations
in the egclosure‘studies are given in Table é. Some sfratifiéaﬁion of HC1
‘and A1203 is evident at the higher concentration levels (plots 4, 18, and 11).
The standing crop biomass data for the exposed saltmarsh plots |
are now being analfzed. :Cdmpleté results will be available in the next report.
4.5 Conclusions
A series-of replicated field experiments in which 3 ecosystems fypes were
exposed to S5RM exhaust havé been completed. Some preiiminary conclusions may
be offered at this time. | &
1. Relatively simple procedures allowed quantitétive documentati&n of
plant community structure qgainst-which:possiblg fgture changes in
- structure might be ev#luatéd. !
2. Soil pH in the pine and scrubby fla:woodg communities was significantly
different; but varied seasonal. Singlé 10 minute exposure,of plots
" to SRM exhaust (S 50, and 100 ppm EC1 theoretical concentration)

does not appear to alter the soil pH.
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Theoretical and atmospheric concentrations of HC1 (ppm) and Al,0 (mg/ma) as measured in a

Table 9.
16.7-m> field enclosure after open burning of SRM fuel. The piogs were located in a
saltmarsh dominated by Distichlis spicata. Three impingers -were located .4-m and 2 1.0-m
above the gurface. @
b Theoretical Enclosure Theoretical Enclosure
Plot No. Concentration Concentration of Concentratign Concentration
of HC1 (ppm) HC1 (ppm) mg A1.0. /m mg Al.0_/m3
by ‘Sample Height 23 23
- by Sample Height
Jem 1.0-m Aem 1.0-m
10 5.3 ¢.9,0.6,0.9  1.0,1.0 12.1 3.0,2.2,3.6 4.0.2.3
13 4.9 3.6,2.5,4.4 4.3, 11.4 11.1 1.8,2.9 4,0,1.5
2 9.5 3.6,2.2,1.4 3,5,2.6 - 21.6 1.2,2,0,1.3 3.5,4.9
3 50.0 9.8,3.5,?.0 7.2,9.5 113.0 12.5,2.5,9.5 17.0,34.0
15 50.0 8.8,5.2,9.5 17.3,12.6 113.0 73.0,19.0,19.0 49.0,41.0
45.0 21.5,13.0,12.3 13.5,16.8 ‘101.0 224.0 ,91.0,15.0 70.0,62.0
1 99.0 8.6,20.0,9.6 14.5,12.0 225.0 3.2,8.6,4.6 19.0,14.0
100.0 9.1,16.1,21.9 ° 11.6,37.4 227.0 35.0,45.0,26.0 21.0,58.0
18 100.0 10.0,11.6,10.9 15.0,27.0 227.0 46,0,115.0,52.0 168.0,151.0
11 < 900.0 £20.0,37.0,37.0 75.3,140.0 < 2000

145.0,94,0,99.0 238.0,358.0

a Exposures were done 7-3 to 7-8, 1974,

b Plots & and 17 were sham exposed with the enclosure in place for 10 minutes.

Plots 5,7,9,12,14, and 16 served as undisturbed controls.

0s
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C1” concentration in the soils of the pine and scrubby flatwoods
soils is naturally variable. No evidence was gathered to suggest

exposure to SRM exhaust altered soil C1 concentration.

Observation of woody plants, viz., Chapman oak, myrtle oak, saw

palmetto, Ilex glabra, Lyonia ferruginea, L. fruticosa, and L. lucida,

revealed no structural damage associated with exposure to SRM exhaust
up to an actual concentration of 37 ppm Hc;.

Further'observations on the exposed plofs will be necessary to
docﬁment long-term conditions and attributes of stability.

Data analysis concerning the biomass and exposure studies in the

saltmarsh remained incomplete and any conclusions would be spurious

at this time.
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CHAPTER 5

LABORATORY STUDIES - PLANTS

5.1 Introduction

The laboratory study of plants exposed to SRM exhaust proﬁided data
3derived from populations growing Qnder nearly identical conditions. 1Ideally,
Aplants from natural communities on Merritt Island should have been studied
under laboratory conditions. Mowever, this strategy is largely impractical
owing to inherient difficulties in establishing gfeenhouse populations.
Therefore, plant material from commercially available and relatively homogenous
seed stoék was used-in experiments.

The basic hypothesis common to the experiments described ﬁere is simply
that exposure of growing plants to SRM exhaust will reduce the rate of growth.
Experimental effects may be quantified by study pf total plant biomass
(root and shoot) present after some time period following exposure.

| Sufficient data are noﬁ yet available to agcertain if SRM exhaust
sensitivi:y is correlated with cell size, nuclear volume, or DNA content of
plants.

Study of plant growth follgwiné_exposure to various concentrations of
SRM exhaust suggests simple linear responses are sometimes observed; however,
nonlinear response curves may be more typica1; _Exposure of Citris, English
peas, and bush beans to low concentrations (theoretical concéntrations of 10
and 100 ppm HCl) appeared to causge aubtle injuries which resulted in stimulated
growth and repair compared to control plants. Atmospheric concentrations of
4~-500 ppm HC1 were associated with reduced growfh on the par;qof‘exposed
Citris, peas, and bush beans. None of the experimental conditions as imposed

caused the death of planta during the period of study.
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- 5,2 Literature Review

" The significant work on HCl as a phytotoxin has been reviewed in the
First Annual Report pages 57-59 . No.significant literature has been )

',diaconeredﬁin,the_interxeningwperinﬁl

5.3 Experimental netﬁodologx

.glggig.seedlings (12-14 inches tall) ﬁere obtained from the U.S. Department
ofrAgricultute and maiﬁtained_in indiﬁidual pots ﬁnder natufal conditions of
temperature, daylength, and rainfall. Seedlings were returned to these same
conditions folloﬁing exposure to SﬁM exhaust in the laboratory.

English peas and stringless grgen-pod'bush beans were obtaiﬁed froﬁ
W. A. Bﬁrpee Co., Sanford, Florida. Experimental populationé wefe established
1n pott1ng flats filled.with 59;50 ﬁ/v vermiculi;e and potting soil. All
_.ﬁlanta-were maintainea_during pre~ and post-—exposure periods in Sherer Model
CEL 8 growth cﬁambers. Chamber conditions were maintained with a 12:12 LD
cycle, day temperature of 24°¢ (75.5°F), night temperature of 15% (5901-‘),
and relative humidity approximately 75%.

All plants were exposed in a l—m3 test chamber. The Litris exposures were
performed in a chamber with 6 mil polyethylene transparent ﬁlastic walls. .
Later experiments were done in a plexiglass chanber_of similar comstructicn.
Known weights of SRM fnel were burned by electronic ignition within the chamber.
Impingers were used to detarmiue the atmospheric concentration of HCl ac:ually
present in the chamber._ Detaila on the gas sampling methodology are found in
éhe-First Annﬁal Réport pages 92-98, The atmospheric temperature of the chamber
was monitored to document possible confounding of exhaugt and thermal damages.

All tests were single exposures for 10 minutes. - i
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Pollowing exposure the plants were returned to growth chambers for some
pre-determined period. After which control and experimental plants were
rémoved from the soil (roots and shoots), washed, and oven dried for 24 hours
at 100°C in a forced air drying oven. Total dry welght was recorded in
grams,

5.4 Results

5.4.1 Experiment 1

A population of 53 pea plants was divided as 28 controls and
25 experimentals. The peas were exposed to a theoretical concentration of 1000
ppm HC1 for ld minutes. The measured atmespheric concentration of HCl was
43Q PpPm.

Control plants averaged 0.488 g dry weight (SE=0.029) in contrast
to 0.350 g dry weight (SE=0.026) for the exposed plants. A two-tailed t-test
(t=3.495) indicated the means were not significantly different.

5.4.2 Experiment 2

Forty-eight Citris_geedlings were randomly assigned to treatment

and replication groups. Each treatment group (pﬁntrol, 10 ppm, 100 ppm,

1000 ppm HC1l) was replicated three times with 4 geedlings in each group.

The basic design is for a one-way classification of treatment effects by analysis
,of variance_(AOV). However, all seedlings could not be exposed in a short time
frame. This resg;ted in the treatment groups being exposed at different stages
of growth and precluded studyiby AOV.  Biomass determinations were made 20 days
after exposure.

Results of the Citris exposures are given in Table 1. Attention
should be placed on treatment meéns within replications. Mean biomass produced

at 10 ppm and 100 ppm does not appear different from the control value in any

+ .



Table 1. The effect of warlous concentrations of HCl on blomass production of Citris: seedlings

The single exposures were for 10 minutes.

Theoretical Chamber Theoretical

Actual Biomass
Replication Concentration of ‘Cogcentration_of Goncentratian Concentratign (g dr& wt)
HC1 (ppm) - HC1 (ppm) mg A1203/m mg A1203/m Means;and §randard
‘ Errors
1 (n = 16) 0 0 0 - 0 ' 2.65 (0.38)
10 . 5.09 - 22.7 8.0 2.30 (0.15)
100 . 19.40 227 25.0 2.63 (0.21)
1000 ' 404.0 2,270 496.0 1.56 (0.20)
2(n=16 0 0 0 0 2.73 (0.42)
| 10 .- 0.57 22.7 3.0 3.61 (0.84)
100 11.70 - Y 51.0 3.15 (0.57)
1000 - 319.0 2,270 462.0 | 2.16 (0.55)
3 (a = 16) RS .0 , 0 0. 5.30 (0.27)
10 " R 22.7 4 5.83 (0.90)
1100 . 19.9 227 18 5.75 (0.64)
1000 © 373.0 2,270 386 3.31 (0.68)

139



56

replication (Fig. 1). However, at 1000 ppm (acﬁual ppm = 404,0) the mean

biomass reduction was 41.79% (1.12 g/2.68g) of the control in replicate 1.

The simple linear cdrrelation (r) between the actual chamber concentration of -
HC1l and mean biomass was signlficant (r = -0,9424, p<'0 05). 1In replicate 2,

‘the mean biomass reduction at 1000 ppm (actual ppm.= 319.0) was 20. 87%
(0.57g/2.73g). Likewlse, biomass was correlated with the chamber concentration
‘of HCl_fr = -0.8121, p<0.05). The trend of biomass reduction at 1000 ppm
(actual ppm = 373) was continued in replicate 3 where 1t was 37.54% (1.99g/5.30g).
The linear correlation between HCL concentration and biomaés was very marked

(r = ~0.9749, p <0.05).

Two of the three replications (2 and 3) showed the pattern of
biomasses at 10 and 100 ppm coﬁcentrations exceeding the control biomass (Fig., 1).
Thus exposure and the resultant subtle injury appears to lead to growth
compensation. However, exposure at the 1000 ppﬁ'level appears to result in
significant reduction in growth in the three reﬁiicated exXperiments (Fig..l).

| 5.4.3 Experiment 3

Cne hundred and elght English peaé were randomly placed inte 4
treatment groups (control, 10 ppm, 100 ppm, 1000 ppm HC1). The same treatﬁents
were applied to 3 replicate groups of 9 individuals each. Biomass determinations
wefe made 20 days after exposure to SﬁH exhaust.

.Results of the experiment are summarized in Table 2. ‘A one-way
analysis of variance was carried out on the biomass production of English peas
and a F-value of 3.5297 was obtained (Table 3). The statistical result was not
significant. Biologically the treatment effects do ﬁot appeat to be markedly

different among the replication groups.
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4tris 'seedling biomass production following a 10 minute exposure to various
concentrations .of HCl derived from SRM. exhaust.
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-Table 2. The effect of various concentrations of HCl on biomass production by English peas.

Theoretical Actual Biomass

Theoretical Chamber
Replication Concentration of Concentration of Concentration Concentratign (g dry wt)
HC1 (ppm) HC1 {ppm) mg A1203/m mg A1203/m Means and Standard
Errors

1 0 0 0 b .47 (.08)

10 2.5 o 22.7 10 .61 (.09)

100 28 227 110 .78 (.05)

1000 520 2270 960 .43 (.03)

2 0 | 0 0. d .56 (.08)

10 2.4 22,7 7 .71 (.09)

100 21 227 94 .59 (.05)

1000 455 2270 805 .50 (.06)

3 0 0 0 0 .43 (.04)

10 1.5 22.7 7 .33 (.08)

100 22 227 87 .55 (.08)

1000 535 2270 905 .38 (.05)

gs



Table 3. Results of AOV

test of HCl concentration and biomass production by English peas.

.

. ‘ Sum of ﬁegrees of Mean
Source of Variation Squares . Freedom Square F-Value
Between Concentrations 0854 3 .0284 3.5297 NS
Within Concentrations L0645 8 .0080
~ TOTAL 0.1499 11

6%
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Examination of the biomass data provided in Table 2 suggested
a nonlinear growth response (Fig. 2). Each treatment group was subjected to
single linear correlation analysis setting the actual concentration of HCL (ppm)
as the independent variable. Correlation coefficients (r) by replication were:
1 = -0.5622; 2 = -0,6857; and 3 = -0,7442. These r yalues wvere further tested
according to the hypothesis that nco linear correlation‘existed between con-—
centration of HC1l and biomass. The calculated t-tests (1:190) were not significant,
therefore supporting the conclusion that the response curves were nonlinear.

5.4.4 Exgeriment b

The English pea experiment was repeated as done in Eiperiment 3
(Section 5.4.3), but the interval between exposure and harvest was reduced
to 6 days. This was an attempt to measure the short~term impact of SRM exhaust
on the growtn of peas. In order to reduce experimental variation in chamber
conditions, all three replicates at a given concentration of HC1l were con-
currently exposed.

Results of the experiment are presented inm Table 4. An analysis
of variance of treatment effects revealed significant differences existed
‘among the treatment means (F = 11.4528, p¢ .05) (Table 5). Various treatment .
means were statistically analyzed with 2-tailed t-tests to determine which
might be significantly different. The results are summarized in Table 6.
Controls were significantly different than treatment 10 ppm in only
“the first replicate. Conversely, all control ann 1600 ppm treatments were
significantly different. This ssme trend was present when all the data were
pooled and analyzed { 0 vs‘lo, 0 vs 100, 0 vs 1000}. Growth was clearly curtailed

at an actual concentration of 434 ppm HC1l, but not at B.1 or 71 ppm HC1,



English Pea Biomass (g dry wt.)
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English pea biomass production following a 10 minute exposure to various'
- concentrations of HCl derived from SRM exhaust. . .
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Table 4. The effect of various concentrations of HC1 on biomass production by English peas.

Theoretical

Chamber

Theoretical Actual Biomass
- Replication Concentration of Concentration of oncentratign Concentratign (g dry wt)
HC1 (ppm) HC1 (ppm) mng A1203/m mg A1203/m_ Means and Standard
: Errors

1 0 0 0 0 .34 (L,04)
10 8.1 - 22.7 6.5 23 (.02)
100 71 227 109 .27 (.03)
1000 434 2270 800 .19 (.03)
2 0 0 0 0 .28 (.02)
10 8.1 22.7 6.5 27 (.02)
100 71 227 109 .23 (.04)
1000 434 2270 800 19 (.02)
3 0 0 0 0 .28 (.03)
10 8.1 22,7 6.5 .25 (.,02)
100 71 227 109 .27 (.03)
1000 434 2270 800 .20 (.02)



Table 5. Results of AOV

test of HC1 concentration and biomass production by English peas

Sum of Degrees of Mean
Source of Variation Squares Freedom Square F-Value
Between Concentrations .0170 3 .0056 11.4$28 *
Within Concentrations .0039 8 . .0004
. L
TOTAL .0210 1 '

* Significant (p ¢ .05)

€9



Table 6. Selected comparisons of treatment means by 2-tailed t-tests.
Means are of English pea biomass production after exposure to
different concentrations of HCl in SRM exhaust.

64

Replication Comparison Calculated Level of
t value Significance
1 vs 10 2.1506 p £ .05
vs 100 1.2803 NS
ve 1000 2.6399 p<.05
2 vs 10 0.2506 NS
vs 100 1.0663 NS
vs 1000 2.7118 p ¢ -05
3 vs 10 0.6852 NS
vs 100 0.2684 NS
vs 1000 1.9985 p (.10
1, 2, and 3
Pooled . vs 10 1.9561 p<.10
1, 2, and 3
Pocled vs 100 1.5501 NS
1, 2, and 3
Pooled vs 1000 4,2239 p< .05
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The single linear correlation between actual HC1l concentration
and biomass production of English peas was éignificant (r = -0.7956, p<.05).
5.4.5 Experiment 5 ' |
'Bprpee stringless green-pod bush beans wére tested in this experiment.
‘Four treatment groups were established {control, 10, 100, 1000 ppm AC1) with
3 replicates of 6 blants~in each. Unfortunately, after 6 days a malfunctioﬁing
growth chamber forced an end tb the post-exposure growtﬁ period. |
Results of the experiment are summarized in Téble 7. An.analysis
of variance was car:ied out on the bean biomass &ata, but no significance
interaction was discerned (Table 8).
The results of the experiment are ambiguous owing'to a lack of timé :
for differential growth to be realized.
5.5 Conclusions
The results of experiments described herein provide evidence for some
straigh;forwar& concluéions; some pﬁzzling'responses, and some idéas.as to the
direction future work might take.

1, Plants.were not killed by SRM exhaust in any of the experiments.

2. English peé-gIUWth was réduced significantly in Experiment 4 at
434 ppm HCL (p< '05)f This trend was apparent at the highest exposure
level in all experimgnfs, but the growth reductions.wefe often not
significantly different from controls.

3. Iﬁjuty, as quali;ative observed, was mpSt obvious at the highest
exposure 1e§e1 in all experiments. Leaf curl, chlorosis, and acid
burns were not, however; usgd in the analysis of dgmagé as reported
here. | | i

4, Apparently the subfle injury or atress of-expoéurg to low concentrations

of SRM exhaust, i.e. theoretical concentrations of 10 and 100 ppm HCI1,



Table 7. The effect of various concentrations of HCl on biomass préduction by Burpee stringless

- green~pod bush beans.

_ Theoretical Chamber Biomass
Replication Concentration of Concentration of (g dry wt)
HC1 (ppm) HC1l (ppm) Means and Standard
Errors
\

1 0 0 .37 (.02)
- 10 2.9 .35 (.01)
100 20.0 .29 (.02)-
1000 327.0 .31 (.03)
2 0 0 .32 (.01)
10 2.9 .32 (,01)
100 20.0 .30 (.03)
1000 327.0 .29 (.01)
3 0 0 .34 (.01)
10 - 2.9 .33 (.02)
100 20.0 .31 (.03)
1000 327.0 .29 (,02)
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Table 8. - RESﬁlts of AOV
bush beans{

test of HC1 concentration and production

of Burpee stringless green-pod

Sum of Degrees of-

. Mean
Source of Variation Squares ' Freedom Square F-Value

i
Between Concentrations L0041 3 .0013 2.71@2 NS
‘Within Concentrations .0041 : 8 0005

TOTAL

.0082 11

9
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resulted in compensatory growth, This trend is obvious in the
Citris data (Fig. 1) and English pea data (Fig. 2), but less apparent

in the English pea data shown in Table 4. Further work on this

problem would be useful,
5. The question of whether the plant response to SRM exhaust is linear
or nonlinear was not clearly answered.' Inrgeneral, the ﬁata suggest
; nonlinear response.curve, but the Citris data tended toward linéarity.
6. Experiments were conducted at rather standard conditioné_with regard to
growth chamber and exposﬁre chamber environmental varisbles. Possible
interactions among SRM exhaust, temperature, relative humidity, and
plant'gtowtﬁ—over a range of values for‘the variables would greatly
enhance understanding of possible ecological effects in the field.

5.6 Literature Cited

(L Steel, R. G. D., and J. H., Torrie. 1960. Principles and Procedures

of Statistica. McGraw-Hill, New York. 481 pp.
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CHAPTER 6

ELEMENTAL ANALYSIS

6.1 Introduction
- This repoxt is submitted as a supplement to Chapter 6 of the First
Annual Report of the Ecological Effects end Environmental Fate of Solid
Rocket Exhaust (Grant No. NGR 10-019-009) which was submitted to NASA
Kennedy Space Center in January, 1974.‘ The reader is referred'te that doeument
for geﬁeral information on literature review and methods. This report will
only be a presentationrof‘data and a brief discussion of said data.
Samples of mature leaves frem various plant species were collected.from
. previously defined experimental plots located on Keenedy.SpaCe'Center during
August 1973 and April 1974. The concentrations of eleven elements (K, Na, Ca,
'Mg, Fe, Mn, Zn, Cu, Al, B, and Mo) were. measured in each of these samples by
- the atomie absorption technique. '
6.2 Results
A summary of all data is presented in Table'l.‘ A single sample of Ilex
glabra was collected for this, The two columns indicate the August 1973 and
- April 1974 sampling dates regspectively, Only three of the species listed were

: sampled at both time periods (SeronOa repens, Quercus chapmanii and Quercus

Ezrtifolia). The most extensive data exist for palmetto (§eronoa _kpens)

"In all cases the concentrations of Boron and Holybdenum were below the lower
limits of Jetection of the method employed. Concentrations of B and Mo for all
samples run were less than 22 and 2 ppm respectively. These figures aiiow us
'to state with some certainty that concentratiuns of these elements at least
.did not exceed these values.

The data presented_in Table 1 follow the same general pattern reported. for

U R S S VO R SO VPO



Table 1; a. Elemental concentration (ppm/g dry tissug) of plant specles at Kenhedy Space Center.

- Potassium Sodium Calcium .Magnesium

N §ESE—$§ Aug. a Apr. ~Aug. Apr. Aug. Apr. Aug., Apr.

A. Seronoa repens 5100 9100 3800 2400 830 1100 1500 1440

std. dev. 41200 +1900 +1700  +840 +230 4270 4410 4310

B. Ilex glabra 4300 - 2400 - 2700 - 970 -

C. Lyonia fruticosa 5600 - 870 - 6300 - 1500 -
std. dev. +3500 +330 +2700 +270

D. Myrica cerifera - 2800 - 3400 - 10,000 - 7000 -
std. dev. +610 +310 +1600 . +1200

E. Ouercus chapmanii 8100 8700 2600 420 9900 . 5300 . 3800 1600

std. dev. +2300  +1800 #1600 182 +4600 4950 +2100  +150

F. Q. minima 5700 - 2600 - 8000 - 2300 -
std. dev. - +2400 +4300 +3400 +1300

G. 0. myrtifolia 5100 . - 6200 900 530 7200 4300 2600 1600

std. dev. 41100  +1100 +400  +180 +3500  +790 +560 +74

H, Q. pumila 5200 - 800 - 18,000 - 2400 -
std, dev. +2500 4270 47000 +70

I. Q. virginiana - 8300 760 - 2200 - 1700

std. dev. +450 4230 +390 +100

a Samples from August, 1973 and

April, 1974

0¢



- Table'l. b. Elemental concentration (ppm/g dry tissue) of plant species at Kennedy Space Center.

Species Iron Manganese Zinc Copper ~  Aluminum
_ R ~_Aug.? Apr, Aug.  Apr. __Aug. Apr. Aug. Apr. Aug. Apr.
A, Seronca repens 19 23 16 30 7.7 13 1.9 3.7 ° 5.0 . 7.8
“std. dev. +6.8  +6.9 #3.1  49.6 2.8 +3.3 +.82  +1.2 . +.91  +3.2.
B. Ilex glabra 3.9 - 43 - 26 . - 8.8 - 100 -
~C. Lyonia fruticosa ..6.4 - 43 - 21 - 7.0 - 61 -
" std, dev.  +1.8 +27 +9 +3.2 . 434
D. Myrica cerifera 6.6 - 34 - 27 .- 6.2 - | 87 -
) std. dev, , +1.4 +11 45.5 B = 91 : +26
E. Quercus chapmanii 74 55 77 64 22 19 5.2 - 6.2 47 24
std. dev. M5 o+ 26 431 42,7 #2.8 #3414 418 +6.2
F. Q. minima | . 69 - 55 - 26 - 8.7 - 120 -
std. dev. T 440 +25 +7.3 - 49.6 +190
G. Q. myrtifolia 64 53 100  140. 29 30 4.1 5.4 51 35
~ std., dev. . 426 421 416 #26  #3.0 +6.0  +1.0 +.53 +8.0  +14
H. Q. pumila 8.5 - 41 - . - 6.9 - 8L -
std. dev. =~ +6.4 : +33 +.71 0 . +2.8
I, Q. virginiana - 63 - 104 - 34 - 11 - 41
std. dev. | +8.7 +140 +5.4 +2,8 +15

a - Samples from August, 1973 and April, 1974

Ti
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other plant tissues. The‘majority of the cations present in all of the nine
species analyzed could he accounted_for by Na, K, Ca, and Mg. The extreme
variation within species makes it almost impossible to make apy definite
statements as to seasopal variations and differences among plots of the same
species. The atomic absorption unit used in these determinations is + 52
accurate and if one allows another + 5% for weighing and dilution errors, a
total variance of + 107 could legitimately be éxpected. In many cases, the
variance greatly exceeded 10%Z. One can conclude that a rather large amount of

variation occurs naturally from plot to plot and from plant to plant. ‘Seasonal

‘variations are also to be considered. For example,‘fhe data for Seronca repens
clearly show that the potassium concentration of spring growth (April 1974) ip
significantly greater than late summer growth (August 1973); while sodium
exhibits the opposite behavior.

Two species (Seronoa repens and Quercus minima) were collected extensively

over 16 experimental plots (plots 1-8 and 9-16 each represent two community
types on slightly different soils). The data fnop the two different areas
were compared and no significant differences were found. It would appear as
though the physical location of a given speciles did not significantly affect
hineral content,

In order to more clearly see species differences element by element, the
data presented in Table 1 has been plotted on Figures 1 through 9 as ppm pf a
given element per gram dry tissue versus plant species. The figures are self
explanatory and only certain major points will be discussed here.

6.2.1 Potassium (Fig. 1)

As has already been noted, the potassium content of _Ppalmetto

tigsues 1s much higher in April than in August. All five of the osk species
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included in this study contained on an average about 5,000 to 9,000 ppm
potassium., As in palmetto, the concentration of K was higher'during April
than in August for Q. chapmanii and Q. mirtifolia. Myrica cerifera contained
the least amount of potassium of all nine species aﬁalyzed. |
6.2,2 Sodium (Fig. 2) |
Sodivm was in lesser concentrations during April than in August

in 5. repens, Q. chapmanii, and Q. myrtifolia in opposition to K increases.

Myrica cerifera, which contained the least amount of K, contained one of the

‘highest Na contents. The oaks, as a group, were about the same as Lyonia
fruticosa with respect to Na éontent, being only about 1/3 t6 1/4 that of
palmetto. - Q. chapmanii contained much more Na during August 1973 than did
the:fest of thé.oaks but by April 1974 had fallen to a very low value.

6.2.3 Calcium (Fig. 3) .
Palmetto contained very small amounts of calcium at all times,
. whereas, the other plant specieé as a group hadasigﬁificantly higher levels
of this element. Q. pumila had the highest Ca céntgnt of all nine species.
One oak species (Q. chapmanii) showed a decrease in Ca during the Spring, while
a second Q. myrtifolia) showed an increase. The observed seasonal changes,
however, were not as great as those for Na and K.

6.2.4 Magnesium (Fig. 4)

Magnesium plays a critical role in plant metabolism as it is

required for chlorophyll synthesis as well as in many essential enzymatic
systems. The Mg content of palmetto was about the same during August and April.

Q. chapmanii and myrtifolia both showed significant increases in Mg during August

as compared to April; although the variability in tissue concentrations was

much less during April than in August. Myrica 'cerifera contained an average

of 7,000 + 1,200 ppm Mg, which was much higher than any of the other 8 plant
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species. We do not'knéw i1f this situation holds in all cases But it is

interesting to noté this fact. Most of the other species rangéd about
2,000 ppm Mé. _

. 6:2:5 Irom (Fig. 5)

The oaks, with thé exception of (. pumilé were considérably
higher in Fe content than the four other species tested. The seasonal
%afiations‘from August to April seemed to be minor, although decreases were
observed during April.as cbmpared to August for two oak species. Ilex glabra,

Lyonia fruticosa, and Myrica cerifera contained véry little iron, possibly

indi;ating poor uptake of this eleﬁent by these plants orlan ability on their
part to survive on limited amounts.
6.2.6 Mangaﬁese (Fig. 6).
The caks, #s with iron, qhowed the highest concentratidns of
Mnf Of the oaks Q. pumila contained the least amount (41 ppm). This species
also_éontained,the least amount qf iron of the five ocak spgcies. All gpeciés

other fhan the oaks,with the exception of Lyonia fruticosa, contained less

than 40 ppm Mn., Palmetto and Q. myrtifolia contéined greater amounts of Mn
in April than during Angust,.ﬁhile.g,‘chagmanii containgd lesser amounts during
April éhan in August.

6.2.7 Zinc (Fig. 7)

- 'Palmetto contained significantly'less zinc than did the other -
eight plant species. Q. virginiana contained 34 ppm which was the highest
#verage recorded for all species. éeasonal variations were minor with two
- species declining in August aé compared to’April and one incréasing. The

changes, in either case, were not significant.
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6.2.8 Copper (Fig. 8)

As was the case with zinc, palmetto contained the least amount
of coppef. Most of the other speéies contained 3-7 ppm Cu. §. virginiana
contained 11 ppm Cu, which was the highest for any species. Copper content was

“higher in April than in Augusf for all three species studied over both
these time periods.
6.2.9 Aluminum (Fig. 9)

Aluminum is of particular interest to us because it is the
major combustion product of solid rocket fuel. Seronca repens contains very
little aluminum in coﬁparison with the rest of the elements and appears to
contain abouﬁ the same amount in April as in August. Q. chapmanii and
myrtifolia, on the other hand, contain more aluminum later in tﬁg growing
season (August) than during early summer (April). Lyonia fruticosa, Ilex

glabra and Quercus pumlla all contained more than 80 pﬁm Al. It would appear

as though the single Monocot (Seromoa repens) is able to exclude or otherwise

reduce its aluminum uptake more effectively than the remaining eight Dicot
species, .
6.3 Discussion

JIn summary, certain correlations can be observe&. Palmetto is quite low
in Ca,' Zn, Cu, and Al with respect to the other plants. Based on our limited
: data,‘i; seems as‘thougﬁ K concentrations are highest in the Spring and lowest
during'the'?all, while N; follows an inverse rélationship. Interestingly,

Myrica cerifera had the lowest K content of all nine species studied énd one

of the highest Na and Ca contents. Myrica cerifera also contained the greatest
amount of Mg of all species studied.

Quercus'pumila presents an interesting case. Although the oaks a8 a

i
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group contained relatively high concentrations of Fe and Mn, Q. pumils
contained the ieast amount of these two elements amdng the five oak species
studied. Q. pumila, at the same time, contained the highest c¢oncentration
‘ =" —_ ‘
‘of Ca of all ﬁlﬁé’éﬁééiég'Bf;iIEﬁ”“’Eﬁd“aﬁé'6f“fﬁ§“ﬁi§ﬁ§f’ﬁl‘Eﬁﬁféﬁfﬁ."Thé
above éeneral observations would ténd to confirm that the fact that the
concentratiqn of_one elemen; cannot be studied 1ﬁ isolation. No doubt, the
pfesence or absencé of one element affects others as well. | '
Thg data obtained in the present study ﬁo provide us with baseline data
upon which to evaluate future studies of the plants of the area unéer invest-
igation. Hoﬁever, it is the opinicon of the investigaturs‘that the extreme
variébility in the mineral content of plants eﬁcoun;ered during the present
study wpuld make it vefy difficult to aséess thg'impact of solid rocket
launchings. as rélated to changes in elemental content of such ﬁaturally
.dccurriﬁg plant'communities. .We would recommend that such studies be.

discontinued, or, 1f continued, that they be éarried out under more controlled

cénditions.
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CHAPTER 7

CHEMICAL MONITORING AND ANALYSIS

7.1 Iﬂtroduction

This portion of the project is again directed toward support of the
ecological and environmental studies. Continued application of techniques
develﬁped previously have been accomblished and néw methods and techniques
developed as required.
7.2 Methodology

The procedures that were developed during the initial phase of this
work (1) have been used in unaltered fashion. These include procedures for
soil analysis, chemical analfsis of solid rocket fuel exhaust product
concentrations,.and collection and preparation of samples. A procedure for
the tﬁrbi&imetric determination of aluminé hﬁs been developed and is described
below. A scrubber has also been modified to accommodate a silver-silver
chloride electrode and reference electrode. This arrangement allows for the
continuous monitoring of chloride concentration in the trapping sclution
present in the scrubber,

7.2.1 Determination of Alumina in Solid Rocket Exhaust

The procedure utilized to sample for HCl in the solid rocket exhaust
is also suitable for alumina sampling. A coarse porosity gas dispersion tube
and water as trapping agent makes possible the simultaneous collection of HC1
and alumina from the air éamples passed through the scrubber.

Determination of alumina is based on the ability of particulate
matter, wheﬁ suspended in solution, to scatter incident light. The method
employed which 1s coneistent with available 1nstmum%ntation involves the

,teghnique of turbidimetry. A Bausch and Lomb Spectronic 20 spectrophotometer

operated a 400 nnm using 1.17 em pathlength cuvettes/was utilized. Samples
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which contain between 0.01 and 0.2 mg A1203/ml obey a Beer's Law type'of
relationship as shown in Figure 7.1 and as described by the relationship

P PD
Y M = iogfap—.

kbe- -

wheré-T’is the turbidity, PO and P are the power.of the light beam before
and after passing through length b of turbid medium with concentration c.

Alumina used for preparation of the calibratioﬁ curve was re-
covere&'from the solid rocket exhaust using the scrubbers, Centrifugatioﬁ of
samples followed by decantation of most of.the supernage and combination of
several sampleg ylelded sufficiently concentratgd samples, Serial dilutions
weré prepared from thé o;iginal samples. Uniform dispersion of the alumina
before taking an aliquot was achieved using a vortex mixer; Determination
of alumina coﬁcentration was achieved by centrifuging a portion of the original 
sample, de;antiﬁg-the superﬁate'and drying the highly concentrated sample
in a previously tared container.

The alumina content of samples is determined by measuring the
turbidity of samples collected in the scrubbers after chloridé analysis has

been performed. The concentration of alumina is calculated from the following

equation
mg AL,0, | 3
' mg Alzoa- ;.(‘ o Yy (D, E.) (nl water & ml ISA) 10
m3 (flow rate, 1/min.) (sampling time, min.)

where (mg A1203/ml) is determined from the calibration curve and (D. F.) is the
dilution factor required to reduce the turbidity to less than 0.8, A dilution -

'is not required except for very concentraéed‘samples.
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Samples are collected from the l.0m3 and 16.7m3_énclosures as
descfibed pre%iqusly‘(l) and énalyzed for chloride. The turbidity of the
solution is then measured at 400nm, alumina concentration determined from a
calibration Eﬁf§e,'aﬁdifesuléé-céicuiatéa; “Tﬁé ld torlS ﬁinﬁgé s;mpling ée?iod
at up to 1.5 1/min. throﬁgh eéch gscrubber does nét result in collection of
enough alumina to make sample dilution necessary prior to turbidimetric ﬁeasure-
ment nor does the_aﬁount of alumina appear to plug the glass dispersion frit
and‘thereb§ aiter the flow rate significantly.

Exposures performed in the 38 1 enclosure were performed at
much higher theoretical concentratioms for HCl and aiumina. Sampling is
typically performed At about 0.2 lfmin‘and accunulation of alumina in_the.
- glass diapersion frit cﬁn cause a significant change in flow rate. This
problem is alleviated by aampl;ng throﬁgh a ﬁidget impinger connected in
series with the scrubber. Approximately 90% of the alumina is trappea by
the impiﬁger, ﬁhe fémainder by the ;crﬁbber. Both solutions an& the deionized -
water rinses from the impinger, Bcrubber,land all connecting tubes used for

sampling are‘combined‘before chloride and alumina analysis is performed.

7.2.2 Constancy of Solid Rocke; Exhaust Dispersion
It is possible to confiﬁuously moﬁitpr tthconcentration of HCl1 in
either-thell.Om3 or_38 1 encléspres. . The principle ofrthe measurement involves
the continuous determinétién of chloridé present in the éolution withinlthe
scrﬁbber. The chloriderconcentratiop'can be monitored potentiémetrically
using a Ag—AgCl.indicator elgcttode gnd suitable reference e;éctrode.' & scrubber
and electrode combina;ion-was_fabricated as illﬁstrated iﬁ Figure 7.2, Potential

difference between the two electrodes can then be conveniently monitored.
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To potentiometer

Copper wire

j—————— Gas dispersion tube

4rm glass { _ _
tubes
-———————::nl 50mm x 8mm pyrex glass tube
1 ]

No. 4 rubber stopper

Solder
Silver-silver chloride
. electrodes
- . Pyseal cement
0.100 M KC1

10% KN03, 3% agar

salt bridge

M 3 +3% s A1 0 :f/ - -
T

Figure 7.2  Scrubber with chloride sensitive and reference electrodes.
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TyPically a mixture of 13.0 wl of deionized water and 0.65 ml of 2.0M NaN03
was used as traﬁping solution., Exhaust is drawn through the scrubber ét a
constant rate, approximately 0.2 1/min. from the 38 1 enelosﬁre and 1.0 1/min.
- from-the 1:0m§"enclosure: Potentfaiumeasurements“were~caken~aentimea~which
produce 5.00 ﬁv changes in potential. Because the potential changes
logarithmically.as a function of chloride concentration, the time require& to
produce the 5.00 mv changes becomes longer as monitoring continues.

The total concentration of chloride present in the scrubber at each
‘recorded time interval is determined from a calibration curve. Subcfaction of
- a éoncentrafion from one that precedes it gives the concéntration accumulated
fér the corresponding time interval and this value can be related to the HC1 '
leve]l present in the exhaust.

7.2.3 Evaluation of Exhaust.Condensation on Enclosure Walls

Inveétigations to expi;in the less Fhan 100% recovery of HCL from
the solid rocket exhaust have been performed in the 3871 and 1.0m3 enclosures.
The procedures involve washing the accessible enclosure walls, towel drying,
then allowihg the Qalls to air dry. Fuel is burned and the exhaust is
monitored in the usual mannef.‘ At ;he end of the séﬁpling time the enclosﬁre
is vented and accessible walls are ﬁasﬁed with deionized water. The washings
from one enclosure are combined and chloride concentration in the solutioﬁ
is dgtermingd.poteﬁtipme;rically.

7.3 BResults |

Results ébtainéd from moﬁitoring and chémical anal&sis continue to be
- used in diréct support of the blological aspects of this project. Specific
investigations which have been performed since the ;ompletién of the firéf.

_annual report include determination of aluﬁinarin solid rocket exhaust,
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uniformityv and constancy of solid rocket exhaust dispersion in the 38 1 and
1.Dm3 enclosures, and crude attempts to explain the discrepancy cbserved
between experimentally measured HCl levels and those predicted based on weight

of fuel burned and enclosure volume.

7.3.1 Turbidimetric Détermination of Alumina in Solid Rocket Exhaust

Initial attempts to monitor the HC1l concentration of the solid
Tocket exhauét producéd somewhat erratic and unpredictable results. In order
to better understand thisrbehavior an attempt was made to determine the
concentration of a sécond exhaust component. The particulate alumina in the
‘exhaust is collected simultaneously with the HCl during sampling of the
exhaust cloud and therefore can provide additional information about exhaust
composition, dispersion, and reliability of scrubber sampling.

The alumina formed By open burning varies in particle size from
less than 2um to greater than 100um in diameter (2)., It appears that a coarse
porosity fritted glass gas dispersion tube is capable of trapping this particle
size range when the gas dispersion occurs under.water. This conclusion is
arrived at because no turbidity is observed in a second scrubber connected in
Vseries with the first, and the dispersion tube does not clog with repeated use
if care‘is taken to flush the alumina through the.dispersion frit after each
sampling, _Back‘flushing of the dispergion tube does not yield particulate
material 1f the tube has‘been properly flushed in the foreward direction.

The turbidity of a solution 1s often linearly related to
concentration and a relationship analogous to Beér‘a law for spectrophotometric
measurements will result. The amount of radiation scattered upon passage

through a turbid solution depends on the size and shape of particles as well
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es the concentration of the solution and considerabie error can result if
particle size and shape do not remain reaSonably constant during calibration

and analysis. For these reasons alumina colleﬁted from the open-burn generated
-Bolid*rocketﬂexhausnmwas~used~in~preparatienwoffthe'caitbration“curﬁe. 'It is -

- possible that the smaller par;icle-sizes of alumina in the calibretion solutions
'were lost during alumina recovery. If true the calibration curve could be in
erre;.A The alumina apnears to remainlsuspended in the aqueocus solution during

- the time required to.make the turbidimetric meesurement. The turﬁidity value
remains relatively constant for at least 5 minutes after placement of the sample
into the cuvette and then into the instrument. A vortex mixer was used for
dispersion and mixing of the alumina sheuid settling occur at any point in the
procedure.

Sélection of the AOOnm-wavelength.for the turbidimet:ic measufement
was made after observing a'slight incfease in meesured turbidicy as wevelength
was changed from 600nm to 400mm although any wavelength is suiteble._

Tables 7.1 and 7.2 present tfpical results nbtained for alumine
and HC1 concentrations in the different enclosures utilieed_fnr exposnres of
plants and animals. ?hese data indicate a general agreement between HCl and
alnmine recoveries, quever; signifigant variations do'occasionally occur. It
eppears that the turbiaimetric wethod for.determination of alumina content in
the exhaust at actual concentrations in excess of approximately 20 mg A1 0 /m
lcan be fairly reliable for monitoring the alumina dispersion. The ZOmg
A1203Im3 is typlcally generated when the amount of fuel necessary to produce a
theoretical value of abqut 20 ppm'HC; is burned.

7.3.2 Uniformity and Constancy of Solid Rocket Exhaust Disnersion

All generation of solid rocket exhaust is by open—burning of the

fuel. Only the 38 1 animal exposure chamber is equipped with a mechanical means
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38 liter Enclosure

g Fuel ZHC1 2ZAl1.0

23

6.0 9.2
5.5 8.5
5.5 6.6
5.3 11.0
5.3 6.2
5.2 6.9
5.0 7.0

10.5

12.7

8.0

13.9

'11.9

8.3

i1.9

COMPARISON OF HC1 AND ALUMINA

RECOVERIES FROM LABORATORY ENCLOSURES

3
1.0 m Polvethylene

g Fuel ZHC1 ZAIZO

3

1.0 m3 Plexiglass

g Fuel JHC1 ZA1203

12.

8.

4

5

.07

.07

.07

3
20
52
46
54
51
27
30
46
28
21
22
31
25
24
15

14

17

42

35
40
27
37
24
28
48
41
38
51
40
30

30

7.4
3.09
1.56
1.47
1.24
1.23
74
.64
62

.62

.12

+12

A2

50
33
31
50
36
50
71
35
22
31
31
47

52

47

10

65

47 -

30
11
30
19
21
14
57
35

24



TABLE 7.2

| COMPARISON OF HC1 AND ALUMINA RECOVERIES
FROM THE 16.7 CUBIC METER FIELD ENCLOSURE

Sampling Height

1.0 m 0.4 m

g fuel ZHC1 ZA1203 . , #HC1 ZAlZO
Salt marsh .
12,6 16 17 ' 2 15
6.3 17 23 L N 1 7
1.2 32 19 | ' R N
0.67 19 26 15 24
12.5 35 54 . 6 13
12,4 125 7 8
6.2 31 39 . 5 13
6.2 9 7 | 7 7
Flatwoods' _
12.5 17 A 11 6
12,4 17 7 S 16 8
6.3 14 \ . . 15
6.3 16 11

a - Values reported are the average from two scrubbers.

b ~ Values reported are the average from three scrubbers,
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of mixing and uniformly dispefsing the exhaust. Mixing and dispersion of the
exhaust within the 1.0m3 and 16.7m3 enclosures is limited to diffusion of gases
and the turbulance created as the fuel burns. Extensive studies have been
perforﬁed té evéluate‘tﬁe efficiency of dispersion within the latter enclosures.
fypical data for digtribution of HCl and alumina in the l.Om3 plexiglass
enclosure are presented.in Table 7.3. Scrubbers were located inside the
‘enclosure at four sebafate locations, samples drawn through the scrubbers,

and results for chloride_determined potentiometrically and results for alumina
determined turbi&imetrically.

Distribution for both HCl and alumina appears reasonably uniform,

. in general less than 20% relative deviation. However, the deviation becaﬁes
more severe as the amount of fuel ignited is decreased. The values reported
from scrubber sampling represent time—integrated concentrations and do not
provide information about variations of concentration with time.

Continuous monitoring of the exhaust cloud within an enclosure
allows for determination of variation of concentration with time. Continuous
monitoring of the HCl level in the exhaust cloud can conveniently be aécomplished
by measuring thé concentration of chloride ion present in the scrubber while
sampling prodeeds. The apparatus and procedure followed for continuous
moni;oriné of HC1 in‘the 38 1 and 1.Qm?,enclosures has been described above.
Tyﬁi;al results are fllustrated in Figure 7.3, This approaéh is applicable
only for relatively large HCl concentra;ions; Small HCl concentration do not
;alluw for rapid potential change between the electrodes employed and therefore
considerable error 1s.introduced into the resulta‘obtained. The results obtained
do not represent instantaneous concentrationé but rather the time-integrated

concentration for several short time periods within the entire sampling period.
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TABLE 7.3

EVALUATION OF EXHAUST DISTRIEUTION

IN THE 1.0 m° PLEXIGLASS ENCLOSURE

HC1 Diétribution, ppm ; Alumina Distribution, mg/m3
Theoretical Experimental ] Theoretica1 Experimental
1010 295 2300 \ 550
235 , | 353
328 ' - 533
302 _ ' ' : 497
Average 290 : Average 483
Relative Deviation 28.(9.72) N o _ Relative Deviation 65 (13.5%)
500 203 1130 397
185 ' ' | 396
1468 - - 548
118° | 2678
, Average 163 | ) o Average 402
Relative Deviation 31_(19.33) . Relative Deviation 73 (18.2%)
108 . 52 | | 244 183
o 67 . ‘ 140
40° : 186
36% | 123%
Average 49 ] o Average 158

Relative Deviation 11 (22.4%) " Relative Deviation 26 (16.5%)

a Sampling at 0.7 m height, all others at 0.3 m height.
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- ( 7.42g fuél burned, 23% Recovery)
. | i)
: ' ]
(-——-—- 7.42g fuel burned, 11.5% Recover;j :
| 1 1 1 1 o
200 400 600 800 1000 ‘

Tiwe After Fuel Ignition, Sec.

Fig. 7.3 (a) Continuous HC1 monitoring (Horizontal lines represent the

average concentration for the indicated time interval).
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(————-—- 0.63g fuel burned, 3.1% R'ecbvefed)
(==———- 4.1g fuel burned, 1.2% Recovered)
1 [ 1 1 1
200 400. : 600 800 1000

Time After Fuel Ignition, Sec.

Fig. 7.3 {b) Continuous HCl monitoring (Horizontal lines represent the
' average concentration for the indicated time interval).
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Results from measurements made in the l.Om3 enclosure indicate a rapid
buildup in HCl concentration after the fuel is ignited, then variations of
approximately 25% for the duration of the exposure. The results of similar

measurements performed in the 38 1 enclosure indicate a somewhat slower buildup

of ﬁCl concentration after the fuel is ignited. This is expected because

the fuel is ignited in a chamber isclated from the chamber where sampling of

‘the exhaust takes place and mechanical mixing is necessary to provide uniform

distribution betweén the chambers, A maximum HCl concentration is reached in
1-2 minutes followed by'a continuous decrease in concentration through the
duration of the expoéure. Error agssociated with the measurements 1s about 20%.
The potentiometric method for determination of chloride accounts for this

relatively large error and in addition the concentration of the chloride present

in the scrubber at the beginning and end of the time interval under consideration

must be measured.

7.3.3 Ewvaluation of Exhaust Condensation on Enclosure Walls

An investigation was conducted to ascertalin why the experimentally
measured concentrations of HCL in the ;xhaust were conslderably below the
concentrations predipted from fuel weights and enclosure volumes. The walls
of the various enclosures become covered with a edndensate shortly after the
fuel is burned. This condensate gives a positive test for acid when pH paper
is touched to the enclosure wall. This indicates the presence of hydrochloric
acid. Results are presented in Table 7.4 for a series of experiments which

were conducted in an attempt to account for 100% of the theoretical amount of

'HC1 generated during the burning of solid rocket fuel. The gaseous exhaust was

monitored for HC1 and enclosure walls were washed upon completion of the
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TABLE 7.4

- -- - .. - .COMPARISON. OF. HC1._ PRESENT. IN SOLID ROCKET
. " EXHAUST AND THAT PRESENT ON ENCLOSURE SURFACES

" Enclosure o381 38 1 38 1 1000 1.0m°
, _ ' (polyethylene) (plexiglass)
Wt. Fuel, g. ' 0.63 . 1.42 4.10 7.20 . 7.52
ppM HC1 in SRE ' '
_Theoretical L2240 5050 14,600 970 1010
Experimental o B7 © 151 -175 232 290
‘mg HC1 Produced 130 293 845 1480 1550
mg RCL Recovered : _ ‘
Exhaust -5 9 10 . 370 433
_Surface washings 116 138 a7s° 138° 95°
d - e

% HC1 Recovered . 93 50 57 53 40

a. Only accessible wall surfaces of the enclosure were washed.
b. Only one side and the top of the enclosure were washed,
¢, Only the bottom half of the enclosure was washed.

d. Result calculated by assuming an equal amount of HCl on all six
enclosure walls. . ‘

e. Result calculated by assuming an equal amount of HCl1 on top and
bottom halves of enclosure.
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»
exposure to recover hydrochleric acid. Thorough washing of the 38 1 enclosure
resulted in.nearly 100% recovery of tﬁe theoretical amount of ‘HCI. Less
thofoﬁgh washing of the 38 1 enclosure and the l.Om3 enclesures resulted in a
smaller recovery of the theoretical amount of HCl, however, in all cases
. éignificaﬁt amounts were recovered from the enclosure walls. Apﬁarently-
condensation and/or adéorption of HC1 on the enclosure walls is a significant
faﬁtor in reducing the amount of gaseous HCl présent in the solid rocket
exhaust and can aﬁ least partially account for the discrepancy observed b;tween
éxperimentally measured and theofetically prediéted concentrations of HC1
in the exhaust.
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